The cosmic connections between physics on the very largest and very smallest scales are reviewed with an emphasis on the symbiotic relation between elementary particle physics and cosmology. After a review of the early Universe as a cosmic accelerator, various cosmological and astrophysical constraints on models o f particle physics are outlined. To illustrate this approach to particle physics via cosmology, reference is made to several areas of current research: baryon non-conservation and baryon asymmetry; free quarks, heavy hadrons and other exotic relics; primordial nucleo synthesis and neutrino masses.
Introduction
The last few years have witnessed the explosive development of a new approach to elementary particle physics via astrophysics and cosmology. Although the escalating expense o f doing experimental particle physics at high energy accelerators has played some role in this trend, it is not astronomical costs alone that have driven particle physicists and astrophysicists closer together. Rather, the cosmic accelerator provided by the early evolution o f the Universe offers, albeit indirectly, a site for testing the exciting predictions o f grand and super-unified theories whose aesthetic successes are, as yet, unmatched by much hard data. The symbiotic relation between two such disparate fields has been a very healthy phenomenon, stimulating new and exciting work in both areas and spawning mutually beneficial and productive, cross-disciplinary collaborations. A sign of these new interactions is that while astrophysicists are striving hard to reduce uncertainties to less than a factor two, particle physicists are moving the uncertainties in their speculations into the exponent! W hy is the early Universe such a good laboratory for particle physics? Quite simply, the reason is that the early Universe was very hot and very dense. The high density and high temperature achieved during the early evolution of the Universe provided just the sort o f environment experimentalists try to create when they shoot high energy beams of particles at targets or at other beams. Budgetary restrictions, however, did not limit the energies and 'currents' attained in the early Universe. In addition, and of crucial importance, the high temperatures and densities are maintained much longer in the early Universe than would be possible in collisions in accelerators.
At such high temperatures and densities collisions were very frequent and very energetic (every experimentalist's dream!). Given the long time (relatively) for which the Universe stayed at high temperatures and densities, such collisions ensured that all particles (those we already know of from laboratory experiments, as well as those not yet discovered because their masses are too high or their interactions too weak to have been produced at conventional accelerators, or both) were copiously produced by the cosmic accelerator. As the Universe expands and cools some of the particles produced during early epochs will survive to influence the subsequent evolution of the Universe. It is our task as scientific sleuths to search for the clues left behindwe must find the footprints of the relics. There are several ways to undertake such a search.
One such approach is to search directly for the relic particles. This option, of course, is open to us only for stable (r > t0 in the range 10-20 billion years), relatively strongly interacting (or electrically or magnetically charged) particles. Stable, but weakly interacting, particles (e.g. massive neutrinos) are difficult to detect directly but would contribute to the overall universal mass density; limits to the present mass density constrain the properties of such particles. Finally, primordial nucleosynthesis provides a powerful (indeed, the only) probe of the early evolution of the Universe. These approaches to particle physics via cosmology are described and illustrated. For further details and a more complete bibliography, the reader is referred to the author's recent review article (Steigman 1979).
R elics from the early U niverse
At high temperatures ( T > m), all particles, save those very weakly interacting, will be produced copiously and will, through the processes of decays, inverse decays and scatterings, quickly come into thermodynamic equilibrium. As the Universe cools and expands, the reaction rates will fail to keep up with the universal expansion rate and there will come a time when equilibrium can no longer be maintained. At various stages then, depending on masses and interaction strengths, different particles will decouple with a 'frozen-in' surviving abundance; if stable, such relics may influence the subsequent evolution of the Universe.
It is quite simple to understand how the relative abundances of different relics depend on their properties. Consider an arbitrary but specific comoving volume V. With the exception o f non-adiabatic stages in the evolution when photon entropy is generated, the volume varies with the temperature as Foe Very weakly interacting particles may decouple when they are e.r.; massless particles are always e.r. In either case, the number of e.r. particles in a comoving volume is conserved since no new ones are created and no old ones are annihilated. Thus, with allowance for entropy creation, xre.r. ^ X yv" iV non-eq ^ iV eq ŵ here Ny is the number of black-body photons in the comoving volume.
More strongly interacting, massive particles may be kept in equilibrium even when they are n.r. The number of such particles in a comoving volume decreases exponentially (see equation (2)). But, very rapidly, the very low density ensures that the relevant interactions will fail to maintain equilibrium and these, n.r., particles will decouple. The stronger the coupling, the longer equilibrium will be maintained and the lower the abundance of the surviving particles. However, because of the exponential decrease in the density, the 'freeze-out' temperature, T*, depends only logarithmically on the cross sections (see Steigman 
In (4), the mass is expressed in gigaelectron volts and is the thermally averaged product of the cross section and the velocity expressed in 10-15 cm3 s-1 (for slightly non-relativistic nucleons the annihilation rate coefficient is ft^N = « 10-15cm3s-1). Once these n.r. partic they too are conserved: no new ones are created and none annihilated. The number o f particles in a comoving volume is constant and, up to factors of order 1-100 to account for entropy pro duction, their abundance relative to black-body photons is (Steigman 1979)
It is clear from equation (5) and follows from the above discussion that the lightest or most weakly interacting relics, or both, will be the most abundant. Crudely, neutral leptons will be more abundant than charged leptons which will be more abundant than hadrons.
R elic nucleo ns and b a r y o n asym m etry
Suppose that the Universe were symmetric between nucleons and antinucleons and that baryon number were conserved. As recently as about five years ago, these assumptions would have been considered the most 'natural'. Were that the case, the results of the previous section apply (with f t« m» 1) and predict at present a universal ratio of nucleons to photons given 
7-2 This interplay of particle physics and cosmology has taught us an important lesson. If baryon conservation were a good symmetry we should have expected there to be an associated zero-massgauge boson (e.g. charge conservation o photon) and, therefore, a long-range strong force. O f course, if baryon number is conserved, the proton is absolutely stable, and, if the Universe started symmetric, it would remain symmetric. We no longer believe baryon number is conserved and, thus, the proton need not be stable, and the Universe need not be (and, in general, will not be) symmetric.
In what follows, it will be convenient to compare abundances of relic particles with those o f nucleons rather than those of photons (see equation (5)). In that case N /N n = y -1 (N /N y) > IQ -9 (Jim)-1.
Q uark-h a d r o n tr a n sitio n
In estimating the present abundance of exotic relics, a distinction must be made between those that freeze out before or after the quark-hadron transition. We, therefore, should estimate the temperature, Tc,at which confinement occurs. This has been done crudely by Wa Steigman (1979) and in more detail by ; the following is a summary o f the W agonerSteigman analysis.
Recall that, as the Universe expands and cools, the number density varies as woe so that the average interparticle (e.g. interquark) separation changes as ---<(r) oc At low temperatures, particles are far apart and, for r > of hadrons (and leptons and photons). This situation obtains when 0.2 GeV. At high temperatures we are in the quark-gluon phase. In this phase a typical quark has kinetic energy of order T and 'feels' a nearest neighbour potential
(r(T )). As T decreases <(r) increases and f/qq-(<V)) increases. Colour forces will begin to dominate when T « q (r( ; this occurs for T2 « 0.4 GeV. Thus, for low temperatures ( T < temperatures ( jT > T2)an ideal gas of quarks and gluons. In between, there is a t quarks and gluons to hadrons. The temperature at which confinement occurs, lies between Tx and T2.Recall that for strongly interacting particles, freeze-out occurs at T* 45 so th T^/Tq k m/ 10 Ge Thus, heavy, strongly interacting particles will freeze out before confinement (T* > 7^).
F ree relic quarks
It is the establishment view that colour is confined and, therefore, that coloured quarks can never be free. If this is true, then there can be no free quarks surviving as relics from the big bang. It is convenient to compare all densities with p c since for expansion will eventually stop, to be followed by collapse, whereas for < p c the Universe is open and will expand forever. The density parameter, is just the ratio o f the present density Po to pc* Now let us turn to the nucleon density.
It is convenient to compare all number densities to the density of black-body photons.
In terms of the nucleon: photon ratio y ,the nucleon contribution -&N = (0.0035/A3) y 1 0( T0/ 2.7)3 < where y 10 -10 10ya nd T0 < 3.0 K. We may now use the results o f primordial nucleosynthesis to constrain (see, for example, Schramm & Steigman 1980 . If the primordial abundance by mass of 4He is no more than 0.25, and if there are at least three, two-component neutrinos then < 5. Nucleosynthesis, then, argues for a low-nucleon-density Universe: < 0 .1 . There is some evidence that.Q0 > 0.2, suggesting that the Universe is not nucleon-dominated (Schramm & Steigman 1980 . Furthermore, it is very difficult to form galaxies in such a low-density Universe, which implies again that something else may dominate the density. What about massive relic neutrinos?
The usual, neutral current-weak interactions will keep * ligh t' {mv 1 M eV) neutrinos in equilibrium at temperatures greater than about 1 M eV : 
Note that, even if mv were known, the uncertainty in (and, to a lesser extent, in T0) would be reflected in an uncertainty in Q v. We may use a limit to the age o f the Universe to constrain (Gershtein & Zeldovich 1966). The age of the Universe is less than the Hubble age (Ho1) by an amount that depends on If we insist that the Universe be at least ten billion years old we are led to the constraint (Schramm & Steigman 1980 &vhl < 1, From cosmology then, we learn that our Universe will be neutrino-dominated if the sum o f the neutrino masses exceeds a few electronvolts. Furthermore, the sum o f the masses o f stable (t > t0)neutrinos cannot exceed about lOOeV.
. S ummary
In the last few years we have witnessed the birth and growth to healthy adolescence of a new collaboration between astrophysicists and particle physicists. The most notable success o f this cooperative effort has been to provide the framework for understanding, within the context o f GUTs and the hot big-bang cosmology, the universal baryon asymmetry. The most exciting new predictions this effort has spawned are that exotic relics may exist in detectable abundances. In particular, we may live in a neutrino-dominated Universe. In the next few years, accumu lating laboratory data (for example proton decay, neutrino masses and oscillations) coupled with theoretical work in particle physics and cosmology will ensure the growth to maturity o f this joint effort.
